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Abstract 
The biogeochemistry of riparian alder wetlands was studied from 
1995 to 1997. Nutrient and DOC chemistry was related to water level 
changes. The spatial and temporal patterns of nutrients (P and N) and 
dissolved organic arbon (DOC) were measured inthe surface water 
flowing through ariparian alder fen and in the adjacent creek. Nutri- 
ent and DOC concentrations were extremely variable temporally but 
not spatially within the wetland. In the wetland and the adjacent 
creek concentrations of NO3-N, PQ-P and DOC were homogenous 
during high-flow periods and frozen conditions. After low-flow con- 
ditions water bodies were isolated from the creek. The concentration 
of NH4-N, PO4-P and DOC in these isolated water bodies was signif- 
icantly higher than in the adjacent creeks due to low oxygen levels. 
Enclosures of different sizes were installed in the wetland to study 
possible release rates. A large enclosure xperiment in the flooded 
alder fen showed the same concentrations as after high-flood condi- 
tions except for DOC. The DOC concentrations were enriched in the 
large enclosure after decomposition from leaf litter during fail season. 
Small enclosures with low oxygen levels confirmed ata obtained 
from low-flow conditions. The release rates were calculated for low- 
flow conditions from small enclosure experiments for2 months ayear 
when the alder fen is not flooded. The rates for July and August were 
11.6 kg/ha NH4-N, 8.6 kg/ha PO4-P and 57.6 kg/ha DOC. The DOC 
concentrations for fall estimated from the large enclosure-experi- 
ments were 168.2 kg/ha for the months September and October. 
This means possible output rates of N, P and DOC during the 
summer and DOC during fall in the adjacent river system. This can 
cause eutrophication a d organic pollution depending on the length 
of the low-flow conditions and the size of the alder fen. Water level 
changes must be regarded as important for the management of ripari- 
an wetlands uch as alder fens. The riparian alder system may vary 
from a nutrient sink to a nutrient source at different times of a year 
depending on high or low water levels. 
Introduction 
Contemporary iver ecology emphasizes the four dimension- 
al nature of the river continuum (the three spatial dimensions, 
and time) (Puscn et al. 1998; WARD et al. 1999). The result of 
stream regulation is the loss of connectivity between up- 
stream and downstream reaches and between the channel, 
disconnection from ground waters and destruction of flood- 
plains (BRooNEs et al. 1996; GUNKEL 1996, 2000; WARD et al. 
1999). Biodiversity and bioproduction usually are reduced or 
changed. Ideally the channel, the riparian river corridor and 
the floodplain should be restored, but often adjacent flood- 
plains are not included in restoration projects (BROOKES et al. 
1996; GUNNEL 1996). Floodplains tore water during high- 
flow periods, serve as retention areas for nutrients and sedi- 
ments and are important habitats for organisms (GUNKEL 
1996; FUSTEC et al. 1999; WARD et al. 1999). 
Alder fens are typical riparian wetlands for streams in North- 
ern Germany. They are Alnus glutinosa woodlands, which are 
destroyed by fiver regulations, and are now under protection of 
conservation policy in Germany (DORING-MEDERAKE 1991; 
KAZDA 1995; PREDITIS 1997; WICHTMANN • KOPPISCH 1998). 
For river restoration alder fens are a possible wetland/floodplain 
habitat. The limnological characteristics of alder fens are large- 
ly unknown (HENRY et al. 1995; BUSSE & GUNNEL 2000), and 
consequently he knowledge of nutrient and DOC fluxes in this 
system is sparse. The information about wetland limnology pro- 
vides basic ecological information for decisions on appropriate 
wetland management (MITSCH 8~; GOSSELINK 1993; PFADEN- 
nAUER & KLOTZLI 1996). Nutrient-related processes in wetlands 
are of interest as these cosystems receive water from the inflow 
from the creek and may absorb or release nutrients before the 
water flows into the adjacent creek (M~TSCn & GOSSEUNK 
1993). This outflow can control the phototrophic and het- 
erotrophic production i  the adjacent aquatic systems like lakes 
and streams (VERnOEVEN et al. 1996). 
Among the most important processes operating in wetland 
systems are nitrogen and phosphorus dynamics (e.g., see re- 
views by HOWARD-WILLIAMS 1985; BOWDEN 1987; MITSCH 
& GOSSEL~NK 1993). The soil of alder fens is known to be 
very rich in nutrients because it is constantly waterlogged 
0075-9511/01/31/04-307 $ 15.00/0 307 
(KAZDA 1995; VERI~OEVEN et al. 1996). Some nutrients may 
be released from the anaerobic soil layer to the aerobic or 
anaerobic floodwater (REDDY & RAO 1983). Nutrient release 
from peat is largely controlled by the degree of aeration or 
waterlogging (R~DDY & RAO 1983; HEATHWAITE 1990). Low 
summer water level and hence aerated peat allow oxidation 
and accelerate the mineralization of the peat soil (VAN DER 
LINDEN 1988; KUNTZE 1988; KAZDA 1995). 
In freshwater wetlands Dec  often dominates the aquatic 
organic pool because of the long contact times between water 
and organic matter (COLLIER et al. 1989; GUNNEL 1996). The 
leaf litter in fall can have a high input of Dec  because alder 
leaves are known to have high decomposition rates (RADWAN 
et al. 1984; GESSNER etal. 1991; DILLY & MUNCH 1996). 
In the present study the release of N, P and Dec  was stud- 
ied by in situ measurements in an alder fen under different 
water level conditions and is compared to N, P and Dec  re- 
lease rates in enclosures of different size. Small enclosures 
installed in the alder fen should copy the conditions when 
parts of them are disconnected from water flow. A large en- 
closure imitates flooded conditions within the alder fen. The 
release rates from the enclosures and measurements of over- 
lying water within the wetland under different water levels, 
during different seasons and in different locations estimate 
the monthly output of N, P and Dec  of the alder fen. 
This study is designed to give more information on how 
the water-level influences the availability of nutrients and 
Dec  to the surface water in the wetland: How much spatial 
heterogeneity exists within the alder fen? What are nutrient 
and Dec  release rates under high-flow and low-flow condi- 
tions in the alder fen? Can we compare the release rates with 
enclosure-experiments? Is there input of nutrients and Dec  
into the adjacent creek? 
Materials and Methods 
Study site 
The research area is situated 20 km north of Berlin (52°69'N, 
13°3 I'E), Germany (Fig. 1). The climate of the region "Westbarnim" 
is characterized byan average temperature of 17.5-18.5 °C in July 
and -1.5-0 °C in January. The annual precipitation varies from 
490 mm to 590 ram. The creek Briese is 16 km long and has a catch- 
ment area of 57. l km 2. Most of the creek is pristine and natural alder 
fens occur on the riverbanks. The investigated alder fen is dominated 
by Alnus glutinosa with Carex elongatae and therefore belongs to the 
Briese 
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Fig. 1. Study site, 
aider fen and creek 
Briese, north of 
Berlin, Germany. 
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association Carici elongatae-typicum. The investigated wetland is 
4.9 ha large and 500 m upstream of the small village Briese. The 
alder fen is flooded by the creek Briese all year round except in the 
dry summer period (July, August). During this time areas of the alder 
fen are disconnected from the water flow through the wetland and 
extensive water holes with a few dm depth remain. Under flooded 
conditions the water flows through the wetland with current veloci- 
ties between 3.9 - 5.9 cm/s of lateral, and between 7.8 - 8.6 cm/s of 
parallel flow. The groundwater table is near the surface year-round. 
The soil of the alder fen has a pH between 5.9 - 6.9 and ash free 
dry mass between 20 % and 40 %. Total carbon content varies be- 
tween 12 g/kg C in the fluvial sand layer and 320 g/kg C in the organ- 
ic soil layer. Total nitrogen varies between 6mg/kg N and 260 mg/kg 
N and total phosphorus between 183 mg/kg P and 260 mg/kg R 
Experimental design 
There were 5 different sampling sites within the alder fen in 1 m to 
30 m distance from the creek and one sampling site in the creek Briese 
downstream from the alder fen during frozen and flooded conditions 
(Fig. 1, Table 1 ). During dry conditions the water samples were taken 
from two remaining water holes which were 22 m and 24 m away from 
the channel. From 1995 to 1996 water samples were collected from a 
depth of 10 cm under different water level conditions. Simultaneously, 
oxygen saturation, pH, temperature and conductivity were measured 
in situ with electronic field instruments (WTW). 
In the alder fen six small enclosures (0.25 m 2) and one large en- 
closure (3.8 m 2) consisting of transparent PVC plates were installed. 
The small enclosures 1, 2 and 3 were in 2-4 m distance from the 
channel, the enclosures 4,5 and 6 were in 16-18 m distance from the 
channel. The large enclosure was installed in 24 m distance from the 
channel. The bottom part of the enclosures was buried at least 10 cm 
deep in the sediment and the top end was about 10 cm above the 
water surface, water samples were taken at a depth of 10 cm from 
these enclosures and from nearby surface water from the alder fen 
(15 m distance from channel). 
The water level conditions investigated were given in Table 1. 
Water chemistry analysis: Water samples were passed through 
0.45 ~m prewashed membrane filters (for DOC: cellulose-nitrate-fil- 
ters and for nutrients: cellulose-acetate-filters). Flow injection meth- 
ods were applied for SRR nitrate, nitrite and ammonia (TECATOR), 
DOC was determined by liquiTOC (FOSS HERAEUS). 
Statistical methods: Data for response variables were analyzed 
using a two-way analysis of variance (ANOVA) to test the effect of 
nutrient and DOC concentration  water level changes. 
Results 
Flooded, dry and frozen 
conditions an the alder fen 
Table 2 shows the mean values with minima and maxima of 
the physical and chemical parameters of all conditions and 
enclosure-experiments with sample size. 
The physical parameters showed median concentrations of
conductivity from 331 ~tS/cm to 662 ~S/cm. The pH ranged 
from 6.9 to 7.9, and the temperature from 0-22.2 °C. There 
was no significant correlation of the pH to summer and win- 
ter (p > 0.0001). Conductivity could be only significantly 
correlated to the frozen conditions (p < 0.0001). All physical 
parameters showed no significant difference within the sam- 
ple sites in the alder fen (p > 0.0001). 
During the flooded conditions in spring 1996 the nutrients 
and DOC concentrations showed no difference within the dif- 
ferent sites in the alder fen (p > 0.0001). Concentrations of 
nutrients and DOC from the sample sites in alder fen were 
similar to the concentrations measured in the creek Briese 
(Fig. 2). The water within the alder fen was mainly dominat- 
ed by the surfacewater of the creek Briese. 
In summer 1995 some parts of the alder fen were discon- 
nected from the surface water flow through the alder fen. In 
the resulting water holes the concentrations of NH4-N and 
PO4-P increased ue to O2-depletion, DOC increased slightly 
and NO3-N decreased (Fig. 3). PO4-P- and NH4-N-concentra- 
tions were significantly higher than the concentration in 
creek Briese (p < 0.0001), and NO3-N concentrations were 
significantly lower. The concentrations under dry conditions 
were up to 10 fold higher for NH4-N and PO4-P than under 
flooded conditions in spring. 
Under frozen conditions the nutrient concentrations were 
not significantly different between the sites in the alder fen (p 
> 0.0001) and the PO4-P and NO3-N concentrations did not 
significantly differ from the flooded condition (p > 0.0001, 
Fig. 4). The NH4-N concentration was doubled in comparison 
to the concentration during flooded conditions and the DOC 
concentration decreased, probably due to lower microbial ac- 
tivity. 
Table 1. Conditions, experiments, time of the study and location of 
study site. 
Conditions / experiment Time Distance from channel 
Flooded conditions, in situ 
measurements in alder fen 
Dry condition, in situ 
measurements in alder fen 
Frozen conditions, in situ 
measurements in alder fen 
Nutrient release within 
small encIosures 
30. Apr 1996- site 1:1 m 
19. Jun 1996 site 2:7 m 
site 3:15 m 
site 4:22 m 
site 5:30 m 
26. Jun 1995- site 1:22 m 
20. Jul 1995 site 2:24 m 
22. Jan 1996- site 1:1 m 
1. Apt 1996 site 2:7 m 
site 3:15 m 
site 4:22 m 
site 5:30 m 
7. Aug 199% Enclosure 1-3: 
27. Aug 1997 2 m-4 m 
Enclosure 4-6: 
16 m-18 m 
Nutrient release within 27. Aug 1997- large enclosure: 
large enclosure 14. Oct 1997 24 m 
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Large and small enclosures 
in the alder fen 
In the small enclosures increased con- 
centrations of NH4-N and PO4-P and 
the decrease of NO~-N concentration 
were due to O2-depletion (Fig. 5). NH 4- 
N was up to 5 fold higher and PO4-P 
was up to 7 fold higher than in the alder 
fen. NO3-N decreased uring this peri- 
od. DOC concentrations were higher in 
the enclosures than in the overlying 
water in the alder fen. The same pattern 
in all chemical parameters (02, PO4-P, 
NH4-N, NO3-N and DOC) could be 
found in the remaining water holes dur- 
ing disconnected conditions in the alder 
fen. 
The large enclosure showed the 
same PO4-P, NO3-N and NH4-N con- 
centrations as in the alder fen except for 
DOC concentrations (Fig. 6). The DOC 
concentrations increased 10 fold in the 
large enclosure due to decomposition 
of leaf litter in the fall. The 02 concen- 
trations were slightly less than in the 
surface water. This enclosure showed 
the same pattern in 02, NH4-N, NO3-N 
and PO4-P than we have seen during 
flooded conditions. Short-time higher 
PO4-P and NH4-N concentrations as 
well as low oxygen concentrations at
the beginning of the study period could 
have been caused by the installation 
procedure of the enclosures in the fen. 
Discussion 
Seasonal effects of nutrients 
and DOC concentrations 
Concentrations of N, P and DOC varied 
temporally but not spatially in the in- 
vestigated wetland under flooded con- 
ditions. The flow through in the investi- 
gated alder fen is more or less equally 
distributed and the water is well mixed 
and therefore no differences in different 
distances from the channel could be de- 
tected. Other studies (BLAHNIK 8z DAY 
2000) show different nutrient concen- 
trations within a wetland because of 
different degrees of channelization and 
microtopography. 
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The alder fen acts as a source for N and P in the summer 
months when parts of the wetland are disconnected and the 
remaining waterholes showed low oxygen concentrations. In 
fall the wetland is a source of DOC because of high leaf litter 
and decomposition. Whether or not the wetland also acts as a 
sink for DOC during the rest of the year could not be deter- 
mined in this study but it is well documented in several other 
studies (MITSCtt & GOSSELINK 1993; STANLEY • WARD 
1997). Because the alder fen has no clear inflow from the ad- 
jacent creek, sample sites upstream the alder fen were not 
been taken. The mean residence time of water flowing 
through the wetlands eems to be not long enough for nutri- 
ent and DOC retention. TURNER (1999) found the same re- 
sults in a natural wetland in contrast to constructed wetlands 
with low loading rates, which act as areas for nutrient reten- 
tion. 
These results point out that there are significant differ- 
ences between the nutrient and DOC concentrations in the 
alder fen under flooded, dry and frozen conditions. The most 
controlling factor in the biogeochemical cycle in the wetland 
is the 02 concentration, which regulates the transformation f
nitrogen and phosphorus. The 02 concentration is itself regu- 
lated by the hydrology of the wetland (MITsCH & GOSSELINK 
1993). The difference between the dry and flooded conditions 
is mainly controlled by O2-depletion with a low nitrification 
rate, high decomposition and phosphorus release due to 
anoxic conditions. 
The difference between the flooded and frozen conditions 
is mainly controlled by temperature. The DOC and NH4-N 
concentrations are significantly different due to a lower de- 
composition rate of leaf litter, a low nitrification rate and a 
low biotic C- and N-assimilation during the frozen state. DE- 
VITO & DILLON (l 994) also found high NH4-N concentrations 
with winter ice cover in a headwater beaver pond in Canada. 
Most of the year the alder fen is flooded and the surface 
water of the creek Briese flows through the wetland. The 
transformation processes are regulated by a small oxic layer, 
which is formed just above the soil, preventing the release of 
PO4-P and NH4-N. The large enclosure with relatively high 
Oa concentrations reflected the conditions during flooded 
conditions. There was no detectable release of PO4-P and 
NH4-N. During summer with only small precipitation events 
certain parts of the alder fen become disconnected and sur- 
face water is restricted to small isolated pools. Mineralization 
of organic matter depletes oxygen and releases NH4-N in 
areas where water movements are reduced. These physical 
characteristics reate a setting in which NH4-N accumulation 
is favored because of its production and the inhibition of its 
loss via nitrification. The effect is pronounced uring low- 
flow conditions when dilution is minimized. Because the 
alder trees shade almost all of the water surface there is no 
significant uptake of NH4-N from algae. Phosphorus concen- 
tration is higher because of its known release with low dis- 
solved oxygen level. WYLIE & JONES (1986) found similar re- 
sults in wetlands in Missouri, where permanently flooded 
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Table 3. Release rates from this study, calculated from enclosure-experiments; for comparison: literature data. 
PO4-P NH4-N DOC Remarks 
mg/m 2per day mg/m 2per day mg/m 2per day 
Small enclosures, this study 10.0 19.2 91.7 (summer) Flooded alder fen, North Germany 
238.0 (fall) 
121.9 (winter) 
95.9 (summer) 
280.3 (fall) 
Large enclosure this study - 
REDDY ~ RAO (1983) 9.8 45 
VERHOEVEN et al. (1996) 60 20 
Flooded organic soil, lab experiments 
Flooded alder fen, Netherlands and Poland 
Table 4. Calculated annual loads of NH4-N, PO4-P and DOC of creek 
Briese and investigated alder fen, creek Briese: 0.4 m3/s, alder fen: 
4.8 ha. 
Annual oad Annual oad % of load 
creek Briese alder fen of creek 
NH4-N 2.5 t/a 55.7 kg/a 2 % 
PO4-P 630.7 kg/a 41.3 kg/a 6.5 % 
DOC 113.5 t/a 2 t/a 2 % 
wetlands howed the lowest nutrient concentrations. STANELY 
& WARD (1997) also found higher nitrogen concentrations 
(NH4-N and NO3-N) in small, disconnected ponds in an Al- 
abama wetland after a month without any discharge. 
The different seasons tudied showed significant differ- 
ences in the DOC concentration. The DOC concentration is 
not controlled by the 02 concentration. The DOC concentra- 
tion during the flooded period was controlled by the surface 
water of the creek Briese. High DOC concentrations in the 
enclosure in fall were due to high leaf litter input. Leaching 
processes increase the DOC concentration i the water. The 
significant lower DOC concentrations during the frozen con- 
ditions were due to low temperatures and therefore low biotic 
decomposition activity. 
Release rates for nutrients and DOC 
Table 3 shows the calculated release rates from the enclosure- 
experiments for NH4-N, PO4-P and DOC. With 20 mg/m 2per 
day N VERHOEVEN et al. (1996) found similar N-release rates 
to those found in this study (19.2 mg/m 2per day N) in alder 
fens in the Netherlands and Poland. Release rates from 
REDDY & Rao (1983) were 2 fold higher than in this study 
due to higher N-content of the soil. With 10.0 mg/m 2per day 
P we found release rates similar to those of REDDY &; RAO 
(1983) due to 02 depletion. The P-release data of VERHOEVEN 
et al. (1996) are 6 fold higher because of higher P-content in 
the soil of the alder fen. 
DOC was produced in the large enclosure. The release rate 
of 280 mg/m 2 DOC was comparable to the process in the 
small enclosures during the fall season (Table 3). The DOC 
concentration i the small and large enclosures in summer 
was lower because most of the leaves had already been de- 
composed. The lower rate in winter was due to lower temper- 
ature and therefore lower microbial activity. 
Monthly output of nutrients and 
DOC from the alder fen in the adjacent creek 
The results from this study show that there is a possible nutri- 
ent output during the summer under dry conditions and a 
DOC output because of leaf litter in fall. We can calculate the 
output with an average release rate, which we have deter- 
mined in the small enclosure during the summer, and we as- 
sume that the alder fen is not fully connected to the flowing 
surface water for about two months a year. This leads to an 
output of NH4-N of 11.6 kg/ha per year (that means 5.8 kg/ha 
per month during stagnant water flow) and PO4-P of 8.6 
kg/ha per year (4.3 kg/ha per month during stagnant water 
flow). The output of DOC occurs year round as data ffOl~ the 
enclosures indicate. We can calculate the DOC output from 
the small enclosures during summer, fall and winter. The out- 
put of the months January until June is based on the assump- 
tion that there is lower output because of low temperatures 
and/or less leaf litter. The yearly output amounts to 419 kg/ha 
per year DOC (Jan-Jun: 20 kg/ha per month, July-Aug: 28.8 
kg/ha per month, Sep-Oct: 84.1 kg/ha per mouth). 
The high nutrient concentration i the disconnected parts 
of the alder fen as well as the DOC accumulation during fall 
is washed out in the adjacent ecosystem and is a potential pol- 
lution problem for the creek Briese. This output of N and P 
occurs during summer months when the primary production 
is the highest in the year. DOC output increases the level of 
organic pollution and also results in a high nutrient level. 
This can lead to eutrophication f the creek. 
Table 4 shows that the annual oads of NH4-N, PO4-P and 
DOC of the creek Briese are already so high that the addition- 
al load of the alder fen is not an pollution problem for the ad- 
jacent ecosystem creek. The significance of the contribution 
to the load of nutrient and DOC of an adjacent creek is main- 
ly dependent on the size of the alder fen, the nutrient concen- 
tration in the adjacent ecosystem and the length of the discon- 
nected period. A large alder fen, a long period of disconnec- 
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tion and a low pollution level of an adjacent creek lead to a 
high risk of eutrophication, 
It is therefore very important for the restoration and man- 
agement of alder fens to study the hydrology of the wetland. 
The alder fens must be flooded most of the year to avoid nu- 
trient output from disconnected areas. 
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